General linear regression models were used to determine the relationship between thermal conductivity and specific air permeability of 48 heterogeneous, needlepunched, nonwoven samples that were made from ceramic and glass webs. Parameters analyzed included number of needle barbs, fabric weight, thickness, and porosity. Other factors considered were fabric layering structure, temperature drop across the fabric and specific air permeability. Of the linear regression models examined, three models were found to be significant at greater than 95% confidence. These models had r 2 values of greater than 97%. Factors that proved to be greater than 95% significant in predicting the effective thermal conductivity of the samples tested were fabric thickness and weight, fabric porosity, fabric mean pore size, and specific air permeability.
Introduction
Determination of effective thermal conductivity of materials is both time consuming and expensive. However, since there is similarity between Darcy's permeability equation [2] and Fourier's Thermal conductivity equation [3, 7] , an attempt is being made to predict the effective thermal conductivity of materials from experimental measurements of air permeability. Measurement of fabric air permeability is less time consuming as well as inexpensive. Devising a method to predict the effective thermal conductivity of a material from its air permeability will therefore reduce the time and expense associated with characterizing fabrics for thermal applications.
Consider Equations 1 and 2,
and where k fp is the air flow permeability, q fp is the linear flow rate, ∆P is the pressure drop, L is the sample thickness, k etc is the effective thermal conductivity, q tc is the heat flux, and ∆T is the differential temperature. Using equations 1 and 2, then Thus, it is conceivable, and therefore hypothesized, that the effective thermal conductivity can be predicted from the air permeability.
A thorough description of multilayered, glass/ceramic, nonwoven, needlepunched fabric samples used to test the above hypothesis is given in recent papers by the present authors [5, 6] . Methods used to evaluate the structural, physical and thermal properties of the samples are also presented in the literature [5, 6] for the sake of reader clarity, a brief description on the experiment is presented.
Methodology
Synthetic glass and ceramic fibers were used in this research. Staple industrial glass fibers, having a density of 2.54 grams/cm 3 and diameter of 7.3 microns were provided by Owens Corning. Glass fibers were converted to webs having an average thickness of 0.46 cm with a 4.0% coefficient of variation (CV). Ceramic materials were provided in a web or blanket form by Kaowool Ceramic Fiber Products, Thermal Ceramics Department. Webs were produced from ceramic fibers having a density of 2.63 grams/cm 3 and diameter of 6 microns. The average thickness of the ceramic webs was found to be 1.04 cm with a 23.9% CV. The high variation in thickness is associated with the web construction method, i.e., melt blowing.
The webs were arranged as shown in Figure 1 . Web arrangement was based on web thermal conductivity, ease of bonding and economics. The heat capacity of ceramic is higher than that of glass fibers. However, webs made from glass fibers and ceramic fiber webs with similar fiber diameters and densities, have equivalent thermal conductivities when tested at the same applied temperature [1, 4] . Also the glass fiber webs used in this research were more flexible than the ceramic webs. Thus, having glass webs on both surfaces of the sample made it easier to bond the webs together. Finally, adding glass webs to the structure decreases the cost of the insulation material since ceramic webs are more expensive than glass fiber webs.
The webs were bonded using a James Hunter needlepunching machine. A total of 575 needles were placed on the board, which has an area of 33 cm by 26 cm. The speed of the machine for all samples was 114 strokes per minute. Each side of the samples was needled twice. The needle penetration depth was set to within 2 mm of the sample thickness to assure that needles did not penetrate the entire thickness of the web. Needling in this fashion assured that channels supporting flow through the sample were created randomly. Along with varying the glass/ceramic layering structure, the number of barbs on the needles used for punching was also varied. Needles having 3, 6, or 9 barbs were used. Varying layer structure and number of barbs, twelve fabrics were produced. Four samples from each of the 12 fabrics were cut using an eight-inch diameter die.
Fabric Characterization
Physical characteristics measured for each sample included air permeability, thickness, weight, mean pore size and thermal conductivity. For all tests, average values using 4 samples per fabric were determined. The air permeability of each fabric was measured using the Frazier Permeability Tester. Specific details on the measurement of air permeability were presented in an earlier paper [5] . The thickness in centimeters of all samples was measured using an AMES 282 Gauge at zero pressure. Ten observations per sample were measured
Figure 1 SCHEMATIC DIAGRAM OF WEB ARRANGEMENT IN THE FABRIC INSULATION
and averaged to obtain the thickness of each fabric. The weight per area of the samples in grams/cm 2 was measured using a Lawson Precision Weighing Instrument. Four samples from each fabric were weighed and an average fabric weight was determined.
Temperature difference per unit thickness and thermal conductivity of the samples were determined using the Holometrix Guard Hot Plate (Model GHP-200). Forty-eight samples (4 fabric structures, 3 barbs, 4 repeats) were tested to measure change in temperature with time. The temperatures of the sample (cold and hot sides) were recorded every 30 minutes. This temperature difference was recorded until the fabric reached steady state. The sample was considered to be at steady state when the temperature difference between hot and cold side was constant for a 30-minute interval. Specific details of the determination of thermal conductivity were presented in an earlier paper [6] .
Mean pore size for each fabric was determined by using an apparatus built at the North Carolina State University College of Textiles [9] . The test apparatus is shown in Figure 2 . The fluid medium used in this research was distilled water. The surface tension used for water was 72.2. A two-inch diameter, circular sample was cut and weighed. The sample was presoaked in water for at least twenty-four hours prior to testing. It was weighed again to determine the weight of water and of the fabric sample, and then placed in the sample holding chamber. After establishing equilibrium, i.e., no change in fluid weight on the balance, the fluid weight and initial height of the chamber were recorded. The height of the chamber was moved in 1-millimeter increments, equilibrium was achieved, and the fluid weight and the chamber height were recorded again. If moving the chamber in 1-mm increments did not cause a change in the weight of the water, then the increment was slowly increased one mm at a time, up to a maximum of 1 centimeter, at which time there was a change in fluid weight. The fluid weight and chamber height were recorded at each change. This process was continued until the weight of the water in the bottle was approximately equal (within 0.02 milligrams) to the weight of water initially in the sample. The capillary pressure was determined by recording the difference in height of the meniscus and level of the bottle. This difference yielded a pressure in units of meters of water head. The capillary radius was calculated from equation 1. In equation 1, the capillary radius and capillary pressure are related by surface tension ∑, assuming the contact angle, ∑ is zero.
The mean pore size is determined by where x is the mean pore size of the sample, R i is all pores of a given size and α 1 is the percentage the drainage from all pores of a given size. The sum of α 1 should be within 0.02 milligrams of the weight of water in the sample prior to testing. Three samples for each fabric were tested. The results of the experimental measurement of mean pore size are shown in Table 1 .
Discussion of Results
Experimental measurements of air permeability and thermal conductivity of a multi-layered nonwoven fabric were presented in earlier papers [5, 6] . Table 1 gives the material properties for the 12 fabric structures used in this research. Table 2 gives the specific air permeability and the effective thermal conductivity coefficient for the 12 samples. The results reported in Tables 1 and 2 are the averages of four samples for each structure. The specific air permeability, k* fp , given in Table 2 is determined by where ∆P in 0.5 inch water column is 124.5 Pa. Using the SAS general linear model procedure [8] , multiple regression analysis with backward elimination the feasibility of predicting the thermal conductivity from air permeability measurements was examined. A linear model was assumed. The regression analysis results are shown in Table 3 .
Each of the three models given in Table 3 shows the specific air permeability to be significant at greater than 99% confidence in predicting the effective thermal conductivity. The coefficient of determination (r 2 ) for each model was greater than 0.97 showing that each of these models would provide an accurate estimate of the effective thermal conductivity.
Considering the three models presented here and bearing in where k* etc is the predicted effective thermal conductivity, k* fp is the specific air permeability, L is the sample thickness, and ε is the sample porosity. Figure 3 shows the comparison between the predicted k* etc and actual thermal conductivity coefficient, k etc . There is very little deviation between the predicted and actual values.
Also it is important to note that the order in which the layers were arranged did not emerge as a significant factor in any of the acceptable models. The ceramic webs used in this research had very high packing density. It is believed that they were the dominant material influencing the effective thermal conductivity. Though the glass webs were not a major influence on the effective thermal conductivity of the samples, they were necessary for maintaining a stable fabric structure. The ceramic fibers were very short, making it impossible to hold the ceramic webs together by needling. The glass webs, having much longer fibers where used to help hold the ceramic webs together and stabilize the fabric structure.
Conclusions
In previous papers [5, 6] air permeability was experimentally measured and the effective thermal conductivity was calculated. In the present work, a design formula has been developed to predict the effective thermal conductivity coefficient from the specific air permeability. This equation was established using multiple regression analysis. Parameters studied for modeling purposes included fabric mean pore size, fabric weight, thickness of the glass and ceramic webs, number of needle barbs used in needle punching and fabric structure (layers). The predicted effective thermal conductivities, as a result of this design formula, were compared to the actual 
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Figure 3 COMPARISON OF ACTUAL AND PREDICTED EFFECTIVE THERMAL CONDUCTIVITY
thermal conductivities determined earlier [6] . Results show that the experimental specific air permeability does indeed accurately predict the thermal conductivity coefficient. Usage of the experimental specific air permeability yielded models with R-square values ranging from 0.9782 to 0.9836. In the most practical model, factors significant at 95% confidence included experimental air permeability, fabric thickness and fabric porosity.
